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We consider transport properties of a single edge of a two-dimensional topological insulators,
in presence of Rashba spin-orbit coupling, driven by two external time-dependent voltages and
connected to a thin superconductor. We focus on the case of a train of Lorentzian-shaped pulses,
which are known to generate coherent single-electron excitations in two-dimensional electron gas,
and prove that they are minimal excitations for charge transport also in helical edge states, even in
the presence of spin-orbit interaction. Importantly, these properties of Lorentzian-shaped pulses can
be tested computing charge noise generated by the scattering of particles at the thin superconductor.
This represents a novel setup where electron quantum optics experiments with helical states can be
implemented, with the superconducting contact as an effective beamsplitter. By elaborating on this
configuration, we also evaluate charge noise in a collisional Hong-Ou-Mandel configuration, showing
that, due to the peculiar effects induced by Rashba interaction, a non-vanishing dip at zero delay
appears.
I. INTRODUCTION
The exciting progress in quantum electronics gathered
during the last decade has yielded an impressive level of
experimental control such that even single-electron scale
can be properly attained. In this context, a new research
field, known as electron quantum optics (EQO) [1, 2], has
rapidly risen aiming at reproducing quantum optics ex-
periment using single- or few-electron states propagating
in solid state devices.
The ground-breaking achievements that paved the way
for EQO have been the realizations of on-demand sources
of coherent electrons [3–7]. The first implementation of
a single-electron source, known as mesoscopic capacitor,
has been accomplished by periodically driving a quan-
tum dot, thus alternatively emitting an electron and a
hole along the ballistic channels of a quantum Hall sys-
tem [8–13]. Another injection scheme, proposed by Lev-
itov and co-workers [14–16], is based on the idea of ap-
plying to a quantum conductor a periodic train of quan-
tized Lorentzian-shaped pulses, carrying an integer num-
ber of particles. Indeed, they predicted that this kind
of voltage shape excites minimal single-electron excita-
tions free from additional electron-hole pairs, then named
Levitons [5, 17–20]. Compared to the mesoscopic capac-
itor, the emission of Levitons can be realized without
the need for a precise fine-tuning of experimental pa-
rameters and is interestingly promising for miniaturiza-
tion and scalability [6, 21]. Due to their peculiar fea-
tures, Lorentzian-shaped pulses have spurred a consid-
erable number of theoretical proposals and experimental
achievements, including the possibility to employ Levi-
tons in quantum information processing [22–25] or to re-
construct their single-electron wave-functions by means
of a quantum tomography protocol [26–29].
Among the most relevant EQO experiments, a promi-
nent position is held by the Hanbury-Brown-Twiss
(HBT) configuration, where a single source excites single-
electron states along ballistic edge channels, which are
partitioned against a beamsplitter, i.e. a quantum
point contact (QPC), thus generating a shot noise sig-
nal employed to probe the single-electron nature of Levi-
tons [11, 21, 30–36]. Another remarkable experimen-
tal configuration of EQO is provided by the Hong-Ou-
Mandel (HOM) interferometer [37], where two sources
of single electrons are placed on the opposite side of
a scatterer, say the QPC and delayed by a tunable
time [6, 13, 17, 35, 38, 39]. When two electrons collide at
zero time delay at the QPC, charge noise is known to van-
ish at zero temperature, thus showing the so called Pauli
dip, which is a consequence of the anti-bunching effect
imposed by fermionic nature of electrons [6, 28, 35, 40–
46].
Propagation of coherent electron states can be prop-
erly attained in topologically protected edge channels of
quantum Hall [47–50] or quantum spin Hall systems [51–
54]. Topological protection guarantees ballistic transport
regime, allowing for remarkable propagation length of
single-electron states [55]. While there exist many pro-
posals involving Levitons propagating in both integer and
fractional quantum Hall systems, less attention has been
paid to quantum spin Hall systems [56], which, never-
theless, hold great promises for the peculiar spin proper-
ties. Quantum spin Hall effect arises along the edges of a
two dimensional (2D) topological insulator (TI), where a
pair of conductive edge states appear, with electrons with
opposite spin polarization propagating in opposite direc-
tions, according to the so-called spin-momentum locking.
These edge states are termed helical and their topologi-
cal protection holds as long as time-reversal symmetry is
preserved. The observation of a quantized conductance
in HgTe/CdTe [57–59] and InAs/GaSb [60–62] quantum
wells provided the first experimental signatures for 2D
TIs.
Singlet proximity superconductivity can be induced in
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2helical edge states by connecting them to a conventional
superconductor [63, 64], thus allowing for the transfer of
electrons between them [65–70]. The superconducting
proximity effect in helical edge channels has been already
investigated in relation to several peculiar effects, such
as the appearance of Majorana zero-energy states [71–
77] and fractional Josephson effects. The low-energy
physics of this proximity coupling can be described in
terms of a tunnelling of Cooper pairs into the edge
states, where they are split into electrons belonging to
two channel propagating in opposite directions. This
process effectively acts as a scattering mechanism for
particles incoming at the superconductor, which can
be thus employed as an analog of a beam splitter for
Levitons. In this sense, a thin superconductor provides
an alternative solution to the quantum point contact
used so far in electron quantum optics experiments, such
as HBT and HOM configurations.
The effect of Rashba spin-orbit coupling, which breaks
the conservation of spin axis in edge state [20, 78–88],
can introduce additional scattering processes even within
right-moving and left-moving channels. The presence
of Rashba interaction in 2D TIs could be ascribed to
an inversion asymmetry mechanism in the heterostruc-
ture or to strain effect [89–94], that could be induced,
for instance, by an external electric field [95, 96]. In
this way, the splitting of Cooper pairs can occur within
the same channel, without any breaking of time-reversal
symmetry. As a result, the presence of Rashba interac-
tion makes the scattering dynamics at the superconduc-
tor even richer and more appealing [65].
In this paper, we shows that a novel setup with he-
lical states and a superconducting element can be im-
plemented for electron quantum optics experiments and
that this would lead to peculiar results in presence of
Rashba spin-orbit coupling. At this purpose, we focus
on a single edge of a two-dimensional topological insula-
tors, in presence of Rashba coupling, connected to a thin
superconductor. Two external time-dependent voltages
are applied to the system, thus allowing for the investi-
gation of transport properties in this setup. By solving
the associated equation of motion, we provide the scat-
tering matrix for particles at the superconductor, for any
value of Rashba spin-orbit strength and proximity cou-
pling constant. Then, we compute charge noise gener-
ated by the scattering of particles at the superconductor
and, by focussing on the specific case of a single train
of Lorentzian-shaped pulses, we prove that Levitons are
minimal excitations for charge transport. Importantly,
these properties of Lorentzian-shaped pulses still hold
even in the presence of Rashba spin-orbit coupling.
Finally, we consider another paradigmatic case in
EQO, investigating a collisional HOM configuration for
Lorenzian-shaped pulses. Here, a non-vanishing dip at
zero delay appears due to peculiar effects associated
with Rashba interaction. Indeed, a signature that
could assess the presence of Rashba spin-orbit inter-
action is important to determine the spin of emitted
Levitons. When spin quantization axis is preserved,
spin-momentum locking of edge state ensures that
the spin of a right-moving Leviton is necessarily ↑.
Nevertheless, in the presence of a finite Rashba coupling,
spin is not a good quantum number and the proba-
bility of observing a right-moving Levitons with spin
↑ or ↓ is intimately related to the strength of Rashba
spin-orbit strenght, which is therefore an important
quantity to estimate. Another remarkable signature of
Rashba interaction in this HOM configuration is that
the charge noise for the case of a single Leviton is no
longer universal with respect to temperature for finite
values of Rashba spin-orbit strength, in contrast with
previous literature on Hong-Ou-Mandel configurations
with levitons. In passing, we notice that in on-going
experiments on helical edge states of 2D TI in close
proximity to superconductors [67, 68], no clear evidence
of strong e − e interaction have been reported so far.
This well justify our approach based on a non-interacting
picture of helical edge states.
This paper is organized as follows. In Sec. II, we
present the setup under investigation. The associated
equations of motion are solved in Sec. III, where we also
derive the scattering matrix for the thin superconductor.
Charge noise is evaluated in Sec. IV. By focusing on the
case of Levitons, we discuss our main findings in Sec. V.
Finally, we draw our conclusion in Sec. VI. One Appendix
contains technical details of our calculation.
II. MODEL
We consider a single edge of a 2D TI, where a Kramer
pair of counterpropagating channels is formed. Here,
well-known spin-momentum locking property constraints
the spin projection (up/down) and propagation direction
(right/left) of edge modes. We take into account possi-
ble presence of Rashba spin-orbit coupling along the edge
which can break spin-momentum locking. These Rashba
components may be of intrinsic nature or can be induced
by means of external electrostatic field, i.e. by acting
on lateral gates [97, 98]. In addition, a single thin su-
perconducting terminal is coupled to the edge states in
the middle of the bar, see Fig. 1. Here, we assume that
the thin superconductor is tunnel coupled to the 2D TI
and induces singlet-type proximity correlations between
electrons. Since we are interested in studying transport
properties, in presence of time-dependent external drives,
we assume that the system is connected to two reservoirs,
driven by external time-dependent gate potentials. The
total system is described by the following Hamiltonian
H = Hedge +H∆ +Hg, (1)
where Hedge = H0 +Hso describes non-interacting helical
edge states in presence of Rashba interaction. In terms
3Figure 1. (Color online) Single edge of a 2D TI in a two-
terminal geometry, in presence of a single thin superconductor
(brown) placed above the system at x = 0. A Kramer’s pair of
counterpropagating edge modes is formed by a right-moving
(green) and left-moving (red) channels. In this scheme, edge
states are drawn separately to easily distinguish them. The
presence of a superconductor induces superconducting prox-
imity effect in the edge states. Two time-dependent voltage
drives, VL and VR are applied to left and right terminals,
respectively, thus driving the system out of equilibrium.
of the spinor operator
Ψ(x) =
(
ψ↑(x)
ψ↓(x),
)
(2)
where ψσ annihilates an electron with spin σ =↑ / ↓ in
the position x, the free Hamiltonian of edge states with
linear dispersion is given by (from now on we set ~ = 1)
H0 = −ivF
∫
dxΨ†(x)σz∂xΨ(x), (3)
where vF is the Fermi velocity and σz is the third Pauli
matrix acting on the spin space.The uniform Rashba in-
teraction is described by
Hso = −iα
∫
dxΨ†(x)σy∂xΨ(x), (4)
where α parametrizes Rashba spin-orbit strength and σy
is the second Pauli Matrix. For convenience, we assumed
a uniform strength (α(x) = α), since it does not qualita-
tively affect any of our results. For later discussion, it is
convenient to introduce the Rashba angle, defined as
θso = arctan
(
α
vF
)
. (5)
Without Rashba spin-orbit interaction, the edge states
reduce to the usual helical liquid characterized by spin-
momentum locking, where electrons wiht spin ↑ (↓) prop-
agate in the right (left) direction. Due to the presence
of Rashba coupling, the direction of motion of electrons
is not locked to their spin projection and the spinor in
Eq. (2) does not describe chiral modes.
Edge states are tunnel coupled to a superconducting
terminal at position x = 0, inducing proximity effect. In
the limit where the superconducting gap ∆ is the largest
energy scale, an effective description of the superconduct-
ing term is given by the Hamiltonian [65, 99]
H∆ =
∫
dx ∆(x)ψ↑(x)ψ↓(x) + h.c., (6)
where ∆(x) describes the superconducting proximity
gap induced in the edge states [100–103]. In the
following discussion, we will restrict to the case of a
thin superconductor placed at position x = 0, such that
∆(x) = ∆δ(x). The constant ∆ is the induced supercon-
ducting gap and its value is upper bounded by the bulk
superconducting gap ∆ ≤ ∆. The assumption that the
superconducting gap is the largest energy scale prevent
the tunneling of single quasiparticles between edge states
and superconducting terminal. This low-energy effective
Hamiltonian describes the injection of a Cooper pair
into the edge states, that is successively separated in two
electrons with opposite spin. Analogously, it takes into
account the possibility that two electrons with opposite
spin pairs up and tunnel into the superconducting
terminal as a Cooper pair.
Finally, since we are interested in evaluating out-of-
equilibrium properties of edge states, an external driving
potential Vg(x, t) is capacitively coupled to the density
of edge states ρ(x) = Ψ†(x)σ0Ψ(x) (here σ0 indicates the
the identity matrix) via the Hamiltonian (e > 0) [104,
105]
Hg = −e
∫
dxVg(x, t)ρ(x), (7)
where the space-time dependence of the external voltage
is
Vg(x, t) = VL(t)θ (−x− d) + VR(t)θ (x− d) , (8)
with ±d the position of right and left contacts, see Fig. 1.
Time dependent voltages VL/R(t) = VL/R(t + T ) are
assumed periodic with period T and corresponding fre-
quency ω = 2piT . Hereafter, we will keep general the form
of VL/R(t) whenever possible, specifying it to the case of
Lorentzian pulses while discussing the results.
III. EQUATIONS OF MOTION
Our goal is to compute charge current fluctuations gen-
erated in the presence of superconducting terminal and
time-dependent external gate potentials. Therefore, we
have to find the expression of spinor field Ψ(x, t) by solv-
ing the equations of motion derived from the total Hamil-
tonian in Eq. (1). These are given by
i∂tψ↑/↓ = ±ivF∂xψ↑/↓ ± α∂xψ↓/↑
+ eVg(x, t)ψ↑/↓ ±∆δ(x)ψ†↓/↑. (9)
In order to solve the full equations of motion, it is use-
ful to find before the chirally propagating modes in the
regions away from x = 0, where it is placed the super-
conductor. The effect of the thin superconductor can be
taken into account by means of a scattering matrix ap-
proach [106–109], which provides the expression of outgo-
ing fermionic modes in terms of incoming ones, properly
matching wavefunctions.
4A. Solution without proximity effect
We now focus on the region outside the superconduc-
tor one, i.e. x 6= 0. It is useful to recast equations of
motion in terms of a spinor expressed in the chiral basis.
The latter quantities can be obtained from the spinor
in Eq. (2) by applying a rotation parametrized by the
Rashba angle θso, defined as
χ(x) =
(
cos
(
θso
2
) −i sin ( θso2 )
−i sin ( θso2 ) cos ( θso2 )
)
Ψ(x), (10)
where χ(x) =
(
χ+(x)
χ−(x)
)
. In this chiral basis, the equa-
tions of motion in Eq. (9) becomes for x 6= 0
i∂tχ± = ±iv∂xχ± + eVg(x, t)χ±, (11)
with v the renormalized velocity by Rashba spin-orbit
interaction as v =
√
v2F + α
2.
The solution of the above equations can be written as
χ±(x, t) = e−iφ±(x,t)γ±(x, t), (12)
where
γ±(x, t) =
1√
2piv
∫
dEe−iE(t∓
x
v )c
(0)
± (E) (13)
are the solutions in absence of external gate potentials
expressed using fermionic annihilation operators c
(0)
± (E)
and where we have introduced the phase factor
φ±(x, t) = e
∫ t
−∞
dt′Vg(x∓ v(t− t′), t′). (14)
Fermionic operators c
(0)
± (E) satisfy the following average
values〈
c
(0)
±
†
(E′)c(0)± (E)
〉
= δ(E − E′)n(E), (15)〈
c
(0)
± (E
′)c(0)±
†
(E)
〉
= δ(E − E′)(1− n(E)), (16)
where n(E) = (1+e
E
kBθ )−1 is the Fermi-Dirac equilibrium
distribution at system temperature θ (assumed here to be
the same for both reservoirs) and we set, for simplicity,
the chemical potential to zero.
By focusing on the regions of propagation between con-
tacts and superconductor, namely −d < x < 0 for right-
moving electrons (χ+) and 0 < x < d for left moving
electrons (χ−), and considering the space-dependence of
Vg (see Eq. (8)), the phase factor in Eq. (14) becomes
φ±(x, t) = e
∫ t∓ x∓dv
−∞
dt′VL/R(t′). (17)
Notice that, even though the gate potential is coupled
to the total density operator ρ, only electrons chirally
propagating to the right (left) are affected by VL (VR).
By using Eq. (17), the exponential in Eq. (12) can be
conveniently rewritten as
e−iφ±(x,t) =
∑
l
pl,L/Re
−i(l+qL/R)ω(t∓ x∓dv ), (18)
where we have introduced the Fourier coefficients associ-
ated to voltages VL and VR
pl,L/R =
∫ T
0
dt
T e
−ie ∫ t
0
dt′VL/R(t
′)eiqL/Rωteilωt, (19)
and we have defined
qL/R = e
∫ T
0
dt
2pi
VL/R(t), (20)
which represent the number of particles emitted by left
and right voltage per period into + and − chiral chan-
nel, respectively. Coefficients in Eq. (19) represent the
probability amplitude for electrons to absorb (l > 0) or
emit (l < 0) a photon at energy ω and, for this reason,
are called photo-assisted coefficient [3, 110, 111].
By defining the following fermionic annihilation operator
c±(E) =
∑
l
pl,L/Re
ilω dv c
(0)
±
(
E + ω
(
l + qL/R
))
, (21)
the right- and left-moving chiral modes, corresponding to
the modes incoming to the superconductor, respectively,
from x < 0 and x > 0, are given by
χ
(i)
± (x, t) ≡ χ±(x, t) =
1√
2piv
∫
dEe−iE(t∓
x
v )c±(E).
(22)
In passing, it is useful to provide the expressions for aver-
age values involving fermionic operators c±(E) in terms
of photo-assisted coefficients pl,L/R〈
c†±(E
′)c±(E)
〉
=
∑
m,l
p∗m+l,L/Rpl,L/Re
−imω dv×
δ (E′ − E + ωm)n (E + ω(l + qL/R)) , (23)〈
c±(E′)c
†
±(E)
〉
=
∑
m,l
pm+l,L/Rp
∗
l,L/Re
imω dv×
δ (E′ − E + ωm)n (−E − ω(l + qL/R)) . (24)
B. Scattering matrix at the superconductor
Having found the expressions for incoming chiral
modes, we can consider the presence of the thin super-
conducting terminal at x = 0 and find a solution to the
full equations of motion in Eq. (9). In order to tackle
this problem, chiral modes outgoing from the supercon-
ductor can be connected to the incoming ones (given in
Eq. (22)) by means of a scattering matrix. Outgoing
fermionic modes can be formally defined as
χ
(o)
± (x, t) ≡
1√
2piv
∫
dEe−iE(t∓
x
v )d±(E), (25)
5where d±(E) annihilate an outgoing electronic mode at
energy E. To obtain the scattering matrix for this prob-
lem, it is useful to integrate Eq. (9) around x = 0. One
has
ivF
(
ψ↑/↓(0+)− ψ↑/↓(0−)
)
+ α
(
ψ↓/↑(0+)− ψ↓/↑(0−)
)
=
= ∆
ψ†↓/↑(0
+) + ψ†↓/↑(0
−)
2
,
(26)
where Vg(x, t) does not appear since it is zero around
the origin. In order to recast the above equations of
motion in terms of chiral modes, let us observe that, by
inverting Eq. (10) and using the definition of incoming
and outgoing chiral modes, one has
ψ↑(0±, t) = cos
(
θso
2
)
χ
(o/i)
+ (0, t) + i sin
(
θso
2
)
χ
(i/o)
− (0, t),
(27)
ψ↓(0±, t) = i sin
(
θso
2
)
χ
(o/i)
+ (0, t) + cos
(
θso
2
)
χ
(i/o)
− (0, t).
(28)
Note that, due to the presence of both creation and an-
nihilation operators, one has to consider also the com-
plex conjugate equations of Eq. (26) in order to derive
the complete scattering matrix. By substituting these
expression in terms of chiral modes back into Eq. (26)
and integrating over
∫
dteit, we can find a linear sys-
tem of equations in the energy space connecting incoming
fermion operators to outgoing ones as
d+()
d−()
d†+(−)
d†−(−)
 =M

c+()
c−()
c†+(−)
c†−(−)
 , (29)
with M the 4× 4 scattering matrix given by
M =
tee 0 teh reh0 tee reh tehteh r∗eh tee 0
r∗eh teh 0 tee
 , (30)
where
tee =
v2 − (2 cos θso − 1)α2 +
(
∆
2
)2
√[
v2 − (2 cos θso − 1)α2 +
(
∆
2
)2]2
+ v2∆
2
(1− α sin θso)2 + v2∆2 sin θ2so
, (31)
reh =
iv∆ (1− α sin θso)√[
v2 − (2 cos θso − 1)α2 +
(
∆
2
)2]2
+ v2∆
2
(1− α sin θso)2 + v2∆2 sin θ2so
, (32)
teh =
v∆ sin θso√[
v2 − (2 cos θso − 1)α2 +
(
∆
2
)2]2
+ v2∆
2
(1− α sin θso)2 + v2∆2 sin θ2so
. (33)
These coefficients represent the probability amplitude for
each different scattering process that can occur at the su-
perconductor. There are three possible events that can
occur at the superconductor when a particle is incoming.
In the first case, corresponding to probability amplitude
tee, the electron (the hole) is unaffected by the presence
of the superconductor and is transmitted without chang-
ing the sign of its charge. In the remaining scattering
processes, which are taken into account by reh and teh,
the incoming electron (hole) effectively comes out of the
superconductor as a hole. Indeed, these processes are
a consequence of the singlet-type proximity correlations
induced along the edge states [65]. For the reflection pro-
cess (reh), the incoming particle pairs up with an iden-
tical particle from the other channel and the so-formed
Cooper pair is transferred to the superconductor. This
process can be effectively described as the reflection of an
electron into a hole, or viceversa. In the case of transmis-
sion (teh), the Cooper pair is formed by two identical par-
ticles belonging to the same channel, thus giving rise to
an effective transmission amplitude for the process that
converts electrons into holes and its opposite counter-
part. The latter process is allowed solely in the presence
of Rashba interaction, that, by breaking the conserva-
tion of spin quantization axis, can induce singlet-type
correlation even between electrons flowing in the same
channel. Indeed, when Rashba spin-orbit strength is zero
(α = 0), the probability amplitude for transmission of an
electron (a hole) as a hole (an electron) vanishes, since
(teh)θso=0 = 0, and only the two remaining amplitudes
6are finite
(tee)α=0 =
v2 +
(
∆
2
)2
√[
v2 +
(
∆
2
)2]2
+ v2∆
2
, (34)
(reh)α=0 =
iv∆√[
v2 +
(
∆
2
)2]2
+ v2∆
2
. (35)
Moreover, it is also useful to discuss the limit of vanish-
ing superconducting proximity effect. In this case, i.e for
∆ = 0, one finds that teh = reh = 0 and tee = 1, thus im-
plying thatM = I4. As a consequence, Eq. (29) becomes
a simple identity between d±() and c±(), showing that
the presence of the superconductor is crucial to obtain a
finite scattering between different chiral modes.
Finally, we remark that M is completely independent of
energy. This is a consequence of the assumption of a very
thin superconductor that translates into the condition of
a scattering between modes localized in a single point,
i.e. x = 0.
IV. CALCULATION OF NOISE
As a consequence of the scattering mechanisms de-
scribed in the previous Section, fluctuations of charge
current are generated [30, 109, 112]. In this Section we
derive the expression for these fluctuations at any order
in Rashba strength α and proximity effect coupling con-
stant ∆. We still keep general the form of VL/R(t), which
will be specified in the next section. Charge current op-
erator entering reservoir R/L (x = ±d), in terms of chiral
edge modes, are defined as
JR/L(t) =
= ev
(
χ
(o)
±
†
(±d, t)χ(o)± (±d, t)− χ(i)∓
†
(±d, t)χ(i)∓ (±d, t)
)
.
(36)
The zero-frequency charge noise is given by
Sαβ =
∫ T
0
dt
T
∫
dt′ [〈Jα(t′)Jβ(t)〉 − 〈Jα(t′)〉 〈Jβ(t)〉] ,
(37)
where α/β = R,L are labels for the two reservois. Since,
according to the unitarity of scattering matrix, it is pos-
sible to prove that
SRL = SLR = −SRR = −SLL, (38)
we will focus only on the cross-correlator SRL and define
the charge noise as SC ≡ SRL.
Performing standard calculations, whose details are given
in Appendix A, we evaluate explicitly SC . Obtaining
SC = Aθ(α,∆)Sθ +A1(α,∆)S1 +A2(α,∆)S2, (39)
where Aθ, A1 and A2 are dimensionless coefficients whose
expression in terms of elements of the scattering matrix
are
Aθ = |rehteh|2 + |rehtee|2 − 2(|teh|2 + |tee|2), (40)
A1 = |tee|2 |reh|2 , (41)
A2 = |teh|2 |reh|2 , (42)
while the three contributions to noise are given by
Sθ = S0
∑
s=±
∫
dE′
2pi
∫
dE
2pi
〈
cs(E
′)c†s(E)
〉 〈
c†s(E
′)cs(E)
〉
,
(43)
S1 = S0
∫
dE′
2pi
∫
dE
2pi
(〈
c+(E
′)c†+(E)
〉〈
c−(−E′)c†−(−E)
〉
+
+
〈
c†+(E
′)c+(E)
〉〈
c†−(−E′)c−(−E)
〉)
, (44)
S2 = S0
∑
s=±
∫
dE′
2pi
∫
dE
2pi
〈
cs(E
′)c†s(E)
〉 〈
c†−s(E
′)c−s(E)
〉
,
(45)
where the quantity S0 = e2T has been defined. Let us
observe that all the effects of Rashba spin-orbit coupling
and superconductivity are encoded in the three coefficient
Aθ, A1 and A2, while the three components of charge
noise are sensitive only to temperature and external volt-
ages.
Some comments about the physical origin of these three
contributions to charge noise are in order. The first one
arises due to correlations between particles emitted from
the same reservoir. Its expression in Eq. (43) can be fur-
ther simplified by using Eqs. (23) and (24). We arrive
at
Sθ = 2S0
∫
dE
2pi
n(E) (1− n(E)) = 2S0kBθ, (46)
Therefore, one concludes that Sθ corresponds to the ther-
mal noise. This quantity is completely unrelated to the
properties of time-dependent applied voltages and there-
fore will be neglected in the following discussion.
The other two contributions stem from correlations in-
duced by particle exchange among the two reservoirs in
presence of external drives. The different scattering pro-
cesses that originate the fluctuations associated with S1
and S2 can be also deduced from the scattering matrix el-
ements appearing in their corresponding coefficients A1
and A2. Both coefficients resemble the usual partition
probability in terms of reflection and transmission coef-
ficients. Nevertheless, the noise contribution S1 is gen-
erated by partitioning of electrons (holes) which can be
probabilistically transmitted as themselves of reflected
with as holes (electrons). On the other hand, the re-
maining noise contribution S2 is associated with a parti-
tioning of electrons (holes) which are always converted by
7the superconductor into holes (electrons) either during a
transmission or a reflection. These contributions can be
expressed in terms of Fermi distribution function as
S1 = 2S0
∑
k
|pk,L+R|2
×
∫
dE
2piω
n (E + (k + qL + qR)ω)n(−E), (47)
S2 = 2S0
∑
k
|pk,L−R|2
×
∫
dE
2piω
n (E + (k + qL − qR)ω)n(−E), (48)
where we have introduced the photo-assisted coefficient
pk,L±R associated to the effective drive corresponding to
the sum and the difference of VL and VR
pk,L±R =
∫ T
0
dt
T e
ikωte−ie
∫ t
0
dt′(VL(t′)±VR(t′))ei(qL±qR)ωt.
(49)
In this form, it is manifest that S1 depends solely on the
sum between the two external voltages, while S2 is gov-
erned by their difference. This property is a consequence
of the physical origin previously described for these two
noise terms.
Integrating over energies we obtain
S1 = 2S0kBθ
∑
k
|pk,L+R|2 F
(
(k + qL + qR)
ω
kBθ
)
,
(50)
S2 = 2S0kBθ
∑
k
|pk,L−R|2 F
(
(k + qL − qR) ω
kBθ
)
,
(51)
where, for notational convenience, we have defined the
function F(x) = x coth(x).
It is instructive to provide the limits of coefficients A1
and A2 (see Eqs. (41) and (42)) for vanishing supercon-
ducting coupling parameter ∆ and Rashba interaction
strength α. In the first case, we know that M = I4 and,
as a consequence, all off-diagonal elements are zero. For
this reason,
A1(α,∆ = 0) = A2(α,∆ = 0) = 0, (52)
meaning that superconductivity is necessary to observe
a finite charge noise in addition to thermal noise Sθ. In
the other limiting case, one has that (teh)α=0 = 0, thus
A1(α = 0,∆) =
v2∆
2
∣∣∣∣v2 + (∆2 )2∣∣∣∣2[
v2 +
(
∆
2
)2]2
+ v2∆
2
(53)
A2(α = 0,∆) = 0, (54)
which proves that the simultaneous presence of two
terms in charge noise, generated by different scattering
Figure 2. (Color online) Ratio A2
A1
as a function of Rashba
spin-orbit strength α and proximity induced superconducting
gap ∆. This ratio shows the relative weight between the two
coefficients appearing in the charge noise A2, which is finite
only in presence of Rashba spin-orbit interaction, and A1.
processes, is entirely due to the presence of Rashba
spin-orbit coupling.
In Fig. 2, the ratio A2A1 as a function of α and ∆ is plotted,
in order to understand the behaviour of these coefficients
away from the above described limits. In general, as
Rashba spin-orbit strength is increased this ratio is
enhanced, meaning that the role of noise contribution S2
associated with A2 becomes more significant. Moreover,
this enhancement is stronger as the proximity induced
gap becomes larger.
V. RESULTS AND DISCUSSION
In this Section, we exploit our calculations to pro-
vide evidence for the emission of single-coherent electrons
along helical edge states, even in the presence of Rashba
interaction, by using a periodic train of Lorentzian-
shaped pulses. The expression for the latter signal is
given by
Vlor(t) =
V0
pi
+∞∑
k=−∞
η
η2 +
(
t
T − k
)2 , (55)
where V0 is a voltage amplitude and η is the dimension-
less half width at half maximum of each single Lorentzian
pulse. Whenever each pulse carry an integer number of
charge during each period T , this specific form of external
drive generates, along the edge states of quantum conduc-
tors, single-electron excitations, called Levitons, which
can travel free from additional electron-hole pairs. This
property has been shown theoretically for quantum Hall
8systems and experimentally for a non-interacting two-
dimensional electron gas. The setup usually employed
to prove that Levitons are minimal excitation states is
the so called Hanbury-Brown-Twiss (HBT) configura-
tion, where a single drive is applied to a quantum conduc-
tor in a quantum point contact (QPC) geometry [32, 35].
Here, we want to demonstrate that Levitons are minimal
excitations even for helical edge states in the presence
of Rashba spin-orbit coupling and show that evidence
for this result could be achieved in a HBT-like config-
uration, i.e. with a single drive applied to the system,
where instead of the partitioning at the QPC one can
employ the scattering induced by a thin superconductor
tunnel-coupled to the helical edge. To further prove the
peculiarity of Lorentzian-shaped pulses, we compare it
with a cosine drive
Vcos(t) = V0
(
1 + cos
(
2pi
t
T
))
, (56)
being a representative for all non-optimal drives. The
form for photo-assisted coefficient of these two voltages
are given, for instance, in Ref. [3].
A. Minimal excitation states
The HBT setup could be implemented in our system
by considering the situation where VR(t) = 0. In this
case, at zero temperature, charge noise becomes
SHBTC ≡ SC [VL(t), 0] = 2S0 (A1 +A2)
∑
k
|pl,L|2 |k + qL| ,
(57)
where the squared brackets indicate the chosen voltage
configuration. Let us observe that the two partitioning
processes associated with coefficients A1 and A2 con-
tributes equally to charge noise in this configuration.
In order to assess that Levitons are minimal excitations
for charge transport, one has to show that the number of
additional electron-hole pairs generated by a Lorentzian
drive vanishes for integer values of qL. At zero temper-
ature, the total number of excitations generated by a
generic voltage drive VL(t) is given by Nexc = Ne +Nh,
where
Ne =
∫ 0
−∞
d
〈
c†+()c+()
〉
=
∑
l≥−qL
|pl,L|2 |l + qL| ,
(58)
Nh =
∫ +∞
0
d
〈
c+()c
†
+()
〉
=
∑
l≤−qL
|pl,L|2 |l + qL| ,
(59)
where Ne and Nh are, respectively, the total number of
electrons and holes generated. Since the number of single
electrons emitted by the voltage VL(t) is equal to qL, the
amount of unwanted electron-hole pairs is given by
∆Nexc = Nexc − qL =
∑
l
|pl,L|2 |l + qL| − qL. (60)
Figure 3. (Color online) Excess noise at zero temperature for a
cosine drive (upper panel) and a periodic train of Lorentzian
pulses (lower panel), for three values of Rashba spin-orbit
strength, namely α = 0vF (blue line), α = 0.4vF (yellow
line) and α = 0.75vF (red line), as a function of number
of electronic charge qL emitted in each period. The other
parameter are η = 0.1 and ∆ = 0.75vF .
In analogy with previous works on Levitons, we can show
that the above quantity is linked to a transport property,
called excess noise, which is defined as [6, 35, 113, 114]
∆SC ≡ SHBTC − SDCC , (61)
where SDCC = SC
[
eqL
ω , 0
]
is the charge noise generated
by a purely DC drive given by the DC part of VL and
whose expression is
SDCC = 2S0 (A1 +A2) |qL| . (62)
Indeed, by using this expression, it is immediate to show
that for any drive applied to our system the following
relation holds
∆SC = 2S0(A1 +A2)∆Nexc. (63)
The excess noise at zero temperature for a cosine drive
and a periodic train of Lorentzian pulses is plotted in
Fig. 3 for three values of Rashba spin-orbit strength.
The width of each Lorentzian pulse is set to η = 0.1,
compatible with the range of parameters already acces-
sible to experiments. Let us begin by commenting the
excess noise for α = 0 (blue line in each panel), when
the spin of electrons is perfectly oriented according to
spin-momentum locking of helical edge states. Clearly,
this curves for both cosine and Lorentzian drive have
minima at integer values of qL. The curve for the cosine
drive always have a non-zero excess noise, showing that
it is not an optimal drive since it inevitably generates
additional and unwanted excitations. On the contrary,
the excess noise for the Lorentzian drive drops to
zero in correspondence with integer values of qL, thus
9showing that Levitons are minimal excitations state for
helical edge states. It is important to stress that in
our proposed setup, the latter property could be tested
by using a thin superconductor (instead of a so-far
considered QPC geometry) employed as a beam-splitter
in the HBT configuration. It is interesting to point out
that a qualitatively similar behaviour of excess noise can
be observed in a setup where the scattering mechanism
is induced by a magnetic impurity coupling the two edge
states, even though with less experimental control with
respect to the presented superconducting configuration.
By moving on to the other curves in Fig. 3, one can see
that the values of the minima occurring for the cosine
at integer values of qL depend on Rashba interaction
strength and becomes bigger for increased values of α.
Interestingly, in the case of Lorentzian-shaped pulses, all
these curves at finite values of α vanish when qL is an
integer, thus showing that Levitons keep their nature of
minimal excitation states even in the presence of Rashba
spin-orbit coupling and the spin quantization axis is no
more present.
B. Hong-Ou-Mandel setup with Rashba interaction
Another interesting configuration is the Hong-Ou-
Mandel (HOM) setup, which provides a way to charac-
terize the properties of excitations emitted by a voltage
source in the time domain. Hereafter, we investigate how
to extend this configuration in the case of the thin su-
perconducting terminal and discuss how the presence of
Rashba interaction will affect the outcome.
In its usual electronic implementation, two identical volt-
age sources are applied to a system, with a finite delay tD
between them. The emitted particles collide at a QPC
and generate a noise with a specific behaviour as a func-
tion of the delay time. In particular, in the case of two
identical colliding fermionic particles, the charge current
fluctuations associated with the correlations of particle
entering the reservoirs is exactly zero at tD = 0 due to
completely destructive interference related to Pauli ex-
clusion principle. Conversely, when two particle with op-
posite charge, i.e an electron and a hole, collide a maxi-
mum in the charge noise is present for null time delay.
The HOM interferometer can be reproduced in our setup,
even without Rashba spin-orbit coupling. In this case,
the only contribution to noise in addition to thermal noise
is given by S1, which is generated by correlations between
particles entering the reservoirs with opposite charges.
Given this property, an electron-electron HOM interfer-
ence pattern can be produced in our setup by focusing
quantized Lorentzian-pulses and considering the config-
uration where VL(t) = Vlor(t) and VR(t) = −VL(t+ tD).
In this case, one has that qL = −qR ≡ q, with q > 0
an integer number, meaning that electrons and holes are
emitted, respectively, by the left and the right contacts.
Since S1 is sensitive to scattering processes where one of
Figure 4. (Color online) (Upper panel) Separate contributions
S1 (blue lines) and S2 (yellow lines) as a function of tD for
a Lorentzian drive at q = 1. (Lower panel) HOM ratio R
as a function of the time delay tD for q = 1 with different
values of α. The other parameter are η = 0.1, θ = 0.01ω and
∆ = 0.75vF .
the two incoming particles reverse its charge, the corre-
lations generated in this configuration are between parti-
cles entering the reservoirs with the same charge, giving
rise to an electron-electron interference pattern when the
delay tD is varied. Interestingly, deviations from this re-
sult can arise when α is finite and they can be considered
as a signature for the presence of Rashba interaction. In-
deed, S2 is associated with processes that always switch
the sign of incoming particles, thus giving rise in our con-
figuration to an electron-hole interference pattern.
In the upper panels of Fig. 4, we plotted the two contri-
butions to charge noise for a Lorentzian drive with q = 1,
as a function of the delay between the two voltages. In-
deed, the convexity of the two contributions is opposite
and, in particular, S1 is zero for tD = 0, while S2 dis-
plays a global maximum. This difference confirms that
these two noise contributions correspond, respectively, to
the interference between two identical electrons and be-
tween an electron and a hole. The simultaneous presence
of these two types of interference is a peculiarity of our
setup and cannot be observed in an analogous configura-
tion where, for instance, tunnelling between edge states
is induced by a magnetic impurity. As a result, differ-
ent peculiar behaviour of the total charge noise can arise
when Rashba spin-orbit strength is varied. For this rea-
son, we inspect the outcome of this HOM experiment for
different values of α. Since the two contributions are not
observable separately in a real experiment, one has to fo-
cus on the total charge noise. In order to make contact
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Figure 5. (Color online) HOM ratio RHOM as a function of
the time delay tD for q = 1 and temperatures θ = 0.01ω (blue
lines) and θ = 0.5ω (yellow lines). The case of α = 0 (left
panel) and α = 0.5vF (right panel) are compared. The other
parameter are η = 0.1 and ∆ = 0.3vF .
with previous literature on electronic HOM experiments,
let us define the following ratio
R(tD) = S
HOM
C − S(0)C
2SHBTC − 2S(0)C
, (64)
where SHOMC = SC [VL(t),−VL(t+ tD)] is the noise in
the HOM configuration and S(0)C is the noise in the ab-
sence of external drive given by
S(0)C = SC [0, 0] = 2(Aθ +A1 +A2)S0kBθ. (65)
This HOM ratio is plotted in the lower panel of Fig. 4
for a Lorentzian drive with q = 1 with different values
of α in a range of tD corresponding to a period T . First
of all, let us observe that at α = 0 (black line) HOM
ratio vanishes at tD = 0. As long as Rashba interac-
tion is present, the dip never vanishes and the value of
HOM ratio at tD = 0 grows while increasing the value
of α. Moreover, the behaviour of R also varies signifi-
cantly with Rashba strength. For finite values of Rashba
strength, the ratio always presents a non-vanishing dip
at tD = 0, whose value is monotonically increasing with
α. On the contrary, the value of the ratio is reduced
at the ends of the period, where it becomes flatten as
Rashba spin-orbit is stronger. Let us comment that a
non-vanishing HOM dip would be present even in the
configuration with VR(t) = VL(t + tD), where electrons
are emitted from each source. In contrast with the other
configuration, the non-vanishing dip is present even for
a null Rashba interaction strength and is enhanced by
increasing the value of α. It is worth to underline that
this is the first time a non-vanishing dip is predicted for
in a symmetric HOM configuration with Levitons.
Interestingly, the existence of a non-vanishing dip in the
HOM ratio appearing in Fig. 4 for finite values of α could
be used as a way to assess the presence of Rashba spin-
orbit coupling in helical edge states of a 2D TI.
Finally, it is interesting to investigate the behaviour of
HOM ratio as a function of temperature in the case of
q = 1. Previous papers proved that for this value of q the
ratio of HOM charge noise in a QPC geometry is indepen-
dent of temperatures and acquire an universal analytical
expression [3, 32, 34, 35].
In order to perform a similar comparison for our system,
we present in Fig. 5 the HOM ratio with two tempera-
tures θ = 0.01ω (blue line) and θ = 0.5ω (yellow lines)
in the absence (left panel) and presence (right panel) of
Rashba spin-orbit coupling. In the first case, one can im-
mediately see that HOM ratio is completely unaffected
by temperature, even if the two chosen values for θ are
very different. This universality is a consequence of the
fact that, when α = 0, our setup with proximity in-
duced superconductivity reproduces exactly the charge
noise generated by two identical Levitons colliding at a
conventional QPC. Nevertheless, the two curves in the
right panel of Fig. 5 for α = 0.5vF do not match any-
more. The reason for the absence of universality is that
S2 starts contributing when Rashba spin-orbit coupling is
present. This term is due to the interference between an
electron and a hole, which is not universal anymore with
respect to temperature variations. Therefore, HOM ratio
is the sum of two terms, one which is universal, namely
S1 and the other one which is not, namely S2. There-
fore, we can concluded that, when Rashba interaction
are present, the universality of R with respect to tem-
perature is not valid anymore. In passing, let us observe
that, interestingly, the value of HOM dip is increased as
the system temperature is risen.
VI. CONCLUSIONS
In this work, we have considered transport properties
of Lorentzian-shaped voltage pulses in a single edge of
a two-dimensional topological insulators, in presence of
Rashba spin-orbit coupling. The two counterpropagating
edge states can be connected with a thin superconductor,
tunnel coupled at given position, which induces proximity
correlations along them. Here, we have shown that this
setup can be used to perform the analog of electron quan-
tum optics experiments, where the role of a beamsplitter
usually played by a quantum point contact is replaced by
the thin superconductors. By computing charge noise, we
have demonstrated that a HBT-like configuration with a
single voltage could be used to demonstrate that Levitons
are minimal excitations for charge transport also for he-
lical edge states in presence of Rashba interaction, and
it could be tested using scattering induced by supercon-
ducting proximity effect. We have also considered a HOM
interferometer, where the system is driven by two identi-
cal source of Levitons with opposite sign and delayed by
a constant and tunable time. In this case, the presence of
Rashba interaction could be verified by a non-vanishing
HOM dip at zero delay. This result is a consequence of
the fact that the charge noise is the sum of two terms,
one corresponding to electron-electron interference and
the other to electron-hole interference. Another interest-
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ing consequence of this property is that the HOM ratio
for the case of the injection of a single Leviton is no longer
universal with respect to temperature, in contrast with
previous result for HOM experiments in two-dimensional
electron gases or theoretical predictions for quantum Hall
systems.
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Appendix A: Detailed calculation of charge noise
In this Appendix, we provide a detailed calculation of
charge noise presented in Sec. IV. According to the re-
lation in Eq. (38) We focus on the crosscorrelator SRL,
which has been defined in the main text as SC . Its ex-
pression in terms of current operator JR (see Eq. (36))
is
SC =
∫ T
0
dt
T
∫
dt′ [〈JR(t′)JL(t)〉 − 〈JR(t′)〉 〈JL(t)〉] ,
(A1)
Before expressing charge noise in terms of fermionic op-
erators in energy space, it is useful to change the notation
defining outgoing and incoming fermionic operators as
dT () =
(
d+(), d−(), d
†
+(−), d†−(−)
)
= (d1(), d2(), d3(), d4()) , (A2)
cT () =
(
c+(), c−(), c
†
+(−), c†−(−)
)
= (c1(), c2(), c3(), c4()) . (A3)
With this new notation, Eq. (29) can be recast as
di() =
4∑
j=1
Mijcj(), i = 1, . . . , 4. (A4)
By using Eq. (A4), charge noise can be expressed in a
compact form in terms of scattering matrix and incoming
operators in energy space as
SC = S0
∫
dE′
2pi
∫
dE
2pi
∑
i,j,k,l
M3iM4kM2lM1j (〈ci(−E′)cj(E′)ck(−E)cl(E)〉 − 〈ci(−E′)cj(E′)〉 〈ck(−E)cl(E)〉) +
+ 2
∑
i,j
M4iM2j (〈ci(−E′)cj(E′)c4(−E)c2(E)〉 − 〈ci(−E′)cj(E′)〉 〈c4(−E)c2(E)〉) +
+ 2
∑
i,j
M3iM1j (〈ci(−E′)cj(E′)c3(−E)c1(E)〉 − 〈ci(−E′)cj(E′)〉 〈c3(−E)c1(E)〉) , (A5)
where we defined S0 = e2T . Since, the four-operator aver-
ages can be simplified into two-operator averages by re-
sorting to Wick-theorem, we define a 4× 4 matrix which
contains all average values of operators c±(E) (see Eqs.
(23) and (24))
Fij(E′, E) = 〈ci(E′)cj(E)〉, (A6)
whose elements are finite only if |i− j| = 2. By using
Wick’s theorem and matrix F the noise becomes
SC = S0
∫
dE′
2pi
∫
dE
2pi
[ ∑
i,j,k,l
M3iM4kM2lM1j (Fil(−E′, E)Fjk(E′,−E)−Fik(−E′,−E)Fjl(E′, E)) +
− 2
∑
i,j
M4iM2j (Fi4(−E′,−E)Fj2(E′, E)−Fi2(−E′, E)Fj4(E′,−E)) +
− 2
∑
i,j
M3iM1j (Fi3(−E′,−E)Fj1(E′, E)−Fi1(−E′, E)Fj3(E′,−E))
]
. (A7)
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By imposing the constraint |i− j| = 2 valid for the ele- ment of matrix F and restoring the original notation for
fermionic operators, the above expression becomes
SC = S0
∫
dE′
2pi
∫
dE
2pi
×[
2M41M33M21M13〈c+(E′)c†+(E)〉〈c+(−E′)c†+(−E)〉+ 2M33M41M13M21〈c†+(E′)c+(E)〉〈c†+(−E′)c+(−E)〉+
+ (M33M41M23M11 +M33M43M21M11 +M31M43M13M21 +M31M41M13M23) 〈c+(E′)c†+(E)〉〈c†+(E′)c+(E)〉+
+ 2M42M34M22M14〈c−(E′)c†−(E)〉〈c−(−E′)c†−(−E)〉+ 2M34M42M14M22〈c†−(E′)c−(E)〉〈c†−(−E′)c−(−E)〉+
+ (M34M42M24M12 +M34M44M22M12 +M32M44M14M22 +M32M42M14M24) 〈c−(E′)c†−(E)〉〈c†−(E′)c−(E)〉+
+ (M31M43M14M22 +M31M42M14M23 +M34M42M11M23 +M34M43M11M22) 〈c+(E′)c†+(E)〉〈c†−(E′)c−(E)〉+
+ (M33M41M24M12 +M33M44M12M21 +M32M44M13M21 +M32M41M13M24) 〈c−(E′)c†−(E)〉〈c†+(E′)c+(E)〉+
+ (M31M43M12M24 +M31M44M12M23 +M32M44M11M23 +M32M43M11M24) 〈c+(E′)c†+(E)〉〈c−(−E′)c†−(−E)〉+
+ (M33M41M22M14 +M33M42M14M21 +M34M41M13M22 +M34M42M13M21) 〈c†−(−E′)c−(−E)〉〈c†+(E′)c+(E)〉+
− 2 (M42M24 +M44M22) 〈c−(E′)c†−(E)〉〈c†−(E′)c−(E)〉+
− 2 (M31M13 +M33M11) 〈c+(E′)c†+(E)〉〈c†+(E′)c+(E)〉
]
. (A8)
Finally, by using the expression for scattering matrix in
Eq. (30), one has
M11 =M22 =M33 =M44 = tee, (A9)
M13 =M24 =M31 =M42 = teh, (A10)
M12 =M21 =M34 =M43 = 0, (A11)
M14 =M23 =M∗32 =M∗41 = reh, (A12)
one finds again the expression reported in the main text.
[1] E. Bocquillon, V. Freulon, F. D. Parmentier, J.-M.
Berroir, B. Plac¸ais, C. Wahl, J. Rech, T. Jonckheere,
T. Martin, C. Grenier, D. Ferraro, P. Degiovanni, and
G. Fe`ve, “Electron quantum optics in ballistic chiral
conductors,” Ann. Phys. (Berlin) 526, 1–30 (2014).
[2] C. Grenier, R. Herve´, G. Fe`ve, and P. Degiovanni,
“Electron quantum optics in quantum Hall edge chan-
nels,” Mod. Phys. Lett. B , 1053 (2011).
[3] J. Dubois, T. Jullien, C. Grenier, P. Degiovanni,
P. Roulleau, and D. C. Glattli, “Integer and fractional
charge Lorentzian voltage pulses analyzed in the frame-
work of photon-assisted shot noise,” Phys. Rev. B 88,
085301 (2013).
[4] C. Grenier, J. Dubois, T. Jullien, P. Roulleau, D. C.
Glattli, and P. Degiovanni, “Fractionalization of mini-
mal excitations in integer quantum Hall edge channels,”
Phys. Rev. B 88, 085302 (2013).
[5] M. Misiorny, G. Fe`ve, and J. Splettstoesser, “Shap-
ing charge excitations in chiral edge states with a time-
dependent gate voltage,” Phys. Rev. B 97, 075426
(2018).
[6] D. C. Glattli and P. Roulleau, “Levitons for electron
quantum optics,” Phys. Status Solidi B 254, 1600650
(2017).
[7] Christopher Ba¨uerle, D Christian Glattli, Tristan Me-
unier, Fabien Portier, Patrice Roche, Preden Roulleau,
Shintaro Takada, and Xavier Waintal, “Coherent con-
trol of single electrons: a review of current progress,”
Reports on Progress in Physics 81, 056503 (2018).
[8] M. Bu¨ttiker, “Capacitance, admittance, and rectifica-
tion properties of small conductors,” J. Phys.: Condens.
Matter 5, 9361 (1993).
[9] M. Bu¨ttiker, H. Thomas, and A. Preˆtre, “Mesoscopic
capacitors,” Phys. Lett. A 180, 364 (1993).
[10] G. Fe`ve, A. Mahe´, J.-M. Berroir, T. Kontos, B. Plac¸ais,
D. C. Glattli, A. Cavanna, B. Etienne, and Y. Jin, “An
On-Demand Coherent Single-Electron Source,” Science
316, 1169 (2007).
[11] E. Bocquillon, F. D. Parmentier, C. Grenier, J.-M.
Berroir, P. Degiovanni, D. C. Glattli, B. Plac¸ais, A. Ca-
13
vanna, Y. Jin, and G. Fe`ve, “Electron Quantum Optics:
Partitioning Electrons One by One,” Phys. Rev. Lett.
108, 196803 (2012).
[12] F. D. Parmentier, E. Bocquillon, J.-M. Berroir, D. C.
Glattli, B. Plac¸ais, G. Fe`ve, M. Albert, C. Flindt,
and M. Bu¨ttiker, “Current noise spectrum of a single-
particle emitter: Theory and experiment,” Phys. Rev.
B 85, 165438 (2012).
[13] D. Ferraro, J. Rech, T. Jonckheere, and T. Martin,
“Single quasiparticle and electron emitter in the frac-
tional quantum Hall regime,” Phys. Rev. B 91, 205409
(2015).
[14] L. S. Levitov, H. Lee, and G. B. Lesovik, “Electron
counting statistics and coherent states of electric cur-
rent,” J. Math. Phys. 37, 4845 (1996).
[15] D. A. Ivanov, H. W. Lee, and L. S. Levitov, “Coherent
states of alternating current,” Phys. Rev. B 56, 6839
(1997).
[16] J. Keeling, I. Klich, and L. S. Levitov, “Minimal Exci-
tation States of Electrons in One-Dimensional Wires,”
Phys. Rev. Lett. 97, 116403 (2006).
[17] Dario Ferraro, Flavio Ronetti, Luca Vannucci, Mat-
teo Acciai, Je´roˆme Rech, Thibaut Jockheere, Thierry
Martin, and Maura Sassetti, “Hong-ou-mandel char-
acterization of multiply charged levitons,” The Eu-
ropean Physical Journal Special Topics (2018),
10.1140/epjst/e2018-800074-1.
[18] M. Moskalets, “Fractionally Charged Zero-Energy
Single-Particle Excitations in a Driven Fermi Sea,”
Phys. Rev. Lett. 117, 046801 (2016).
[19] I. Safi, “Time-dependent Transport in arbitrary ex-
tended driven tunnel junctions,” ArXiv e-prints (2014),
arXiv:1401.5950 [cond-mat.mes-hall].
[20] Fabrizio Dolcini, “Interplay between rashba interaction
and electromagnetic field in the edge states of a two-
dimensional topological insulator,” Phys. Rev. B 95,
085434 (2017).
[21] D. C. Glattli and P. Roulleau, “Hanbury-Brown Twiss
noise correlation with time controlled quasi-particles in
ballistic quantum conductors,” Phys. E 76, 216 (2016).
[22] D. Dasenbrook and C. Flindt, “Dynamical generation
and detection of entanglement in neutral leviton pairs,”
Phys. Rev. B 92, 161412(R) (2015).
[23] D. Dasenbrook, J. Bowles, J. B. Brask, P. Hofer,
C. Flindt, and N. Brunner, “Single-electron entangle-
ment and nonlocality,” New J. Phys. 18, 043036 (2016).
[24] D. Dasenbrook and C. Flindt, “Dynamical Scheme for
Interferometric Measurements of Full-Counting Statis-
tics,” Phys. Rev. Lett. 117, 146801 (2016).
[25] D. Ferraro, F. Ronetti, J. Rech, T. Jonckheere, M. Sas-
setti, and T. Martin, “Enhancing photon squeezing one
leviton at a time,” Phys. Rev. B 97, 155135 (2018).
[26] C. Grenier, R. Herve´, E. Bocquillon, F. D. Parmentier,
B. Plac¸ais, J. M. Berroir, G. Fe`ve, and P. Degiovanni,
“Single-electron quantum tomography in quantum Hall
edge channels,” New J. Phys. 13, 093007 (2011).
[27] D. Ferraro, A. Feller, A. Ghibaudo, E. Thibierge,
E. Bocquillon, G. Fe`ve, C. Grenier, and P. Degio-
vanni, “Wigner function approach to single electron co-
herence in quantum Hall edge channels,” Phys. Rev. B
88, 205303 (2013).
[28] D. Ferraro, C. Wahl, J. Rech, T. Jonckheere, and
T. Martin, “Electronic hong-ou-mandel interferometry
in two-dimensional topological insulators,” Phys. Rev.
B 89, 075407 (2014).
[29] T. Jullien, P. Roulleau, B. Roche, A. Cavanna, Y. Jin,
and D. C. Glattli, “Quantum tomography of an elec-
tron,” Nature (London) 514, 603 (2014).
[30] T. Martin, “Noise in mesoscopic physics,” in
Nanophysics: Coherence and Transport. Les Houches
Session LXXXI, edited by H. Bouchiat, Y. Gefen,
S. Gue´ron, G. Montambaux, and J. Dalibard (Elsevier,
Amsterdam, 2005) pp. 283–359.
[31] M. Moskalets, “Single-particle shot noise at nonzero
temperature,” Phys. Rev. B 96, 165423 (2017).
[32] J. Rech, D. Ferraro, T. Jonckheere, L. Vannucci, M. Sas-
setti, and T. Martin, “Minimal Excitations in the Frac-
tional Quantum Hall Regime,” Phys. Rev. Lett. 118,
076801 (2017).
[33] L. Vannucci, F. Ronetti, J. Rech, D. Ferraro, T. Jonck-
heere, T. Martin, and M. Sassetti, “Minimal excitation
states for heat transport in driven quantum Hall sys-
tems,” Phys. Rev. B 95, 245415 (2017).
[34] Flavio Ronetti, Luca Vannucci, Dario Ferraro, Thibaut
Jonckheere, Je´roˆme Rech, Thierry Martin, and Maura
Sassetti, “Crystallization of levitons in the fractional
quantum hall regime,” Phys. Rev. B 98, 075401 (2018).
[35] J. Dubois, T. Jullien, F. Portier, P. Roche, A. Cavanna,
Y. Jin, W. Wegscheider, P. Roulleau, and D. C. Glattli,
“Minimal-excitation states for electron quantum optics
using levitons,” Nature (London) 502, 659 (2013).
[36] Matteo Acciai, Flavio Ronetti, Dario Ferraro, Je´roˆme
Rech, Thibaut Jonckheere, Maura Sassetti, and Thierry
Martin, “Levitons in superconducting point contacts,”
Phys. Rev. B 100, 085418 (2019).
[37] C. K. Hong, Z. Y. Ou, and L. Mandel, “Measurement
of subpicosecond time intervals between two photons by
interference,” Phys. Rev. Lett. 59, 2044 (1987).
[38] T. Jonckheere, J. Rech, C. Wahl, and T. Martin, “Elec-
tron and hole Hong-Ou-Mandel interferometry,” Phys.
Rev. B 86, 125425 (2012).
[39] E. Bocquillon, V. Freulon, J.-M Berroir, P. Degiovanni,
B. Plac¸ais, A. Cavanna, Y. Jin, and G. Fe`ve, “Coher-
ence and Indistinguishability of Single Electrons Emit-
ted by Independent Sources,” Science 339, 1054 (2013).
[40] C. Wahl, J. Rech, T. Jonckheere, and T. Martin,
“Interactions and Charge Fractionalization in an Elec-
tronic Hong-Ou-Mandel Interferometer,” Phys. Rev.
Lett. 112, 046802 (2014).
[41] V. Freulon, A. Marguerite, J.-M. Berroir, B. Plac¸ais,
A. Cavanna, Y. Jin, and G. Fe`ve, “Hong-Ou-Mandel
experiment for temporal investigation of single-electron
fractionalization,” Nat. Commun. 6, 6854 (2015).
[42] A. Marguerite, C. Cabart, C. Wahl, B. Roussel,
V. Freulon, D. Ferraro, Ch. Grenier, J.-M. Berroir,
B. Plac¸ais, T. Jonckheere, J. Rech, T. Martin, P. Degio-
vanni, A. Cavanna, Y. Jin, and G. Fe`ve, “Decoherence
and relaxation of a single electron in a one-dimensional
conductor,” Phys. Rev. B 94, 115311 (2016).
[43] C. Cabart, B. Roussel, G. Fe`ve, and P. Degiovanni,
“Taming electronic decoherence in one-dimensional chi-
ral ballistic quantum conductors,” Phys. Rev. B 98,
155302 (2018).
[44] L. Bellentani, P. Bordone, X. Oriols, and A. Bertoni,
“Coulomb and exchange interaction effects on the exact
two-electron dynamics in the hong-ou-mandel interfer-
ometer based on hall edge states,” Phys. Rev. B 99,
245415 (2019).
14
[45] D. Ferraro, C. Wahl, J. Rech, T. Jonckheere, and
T. Martin, “Electronic hong-ou-mandel interferometry
in two-dimensional topological insulators,” Phys. Rev.
B 89, 075407 (2014).
[46] Flavio Ronetti, Luca Vannucci, Dario Ferraro, Thibaut
Jonckheere, Je´roˆme Rech, Thierry Martin, and Maura
Sassetti, “Hong-ou-mandel heat noise in the quantum
hall regime,” Phys. Rev. B 99, 205406 (2019).
[47] F. Duncan M. Haldane, “Nobel lecture: Topological
quantum matter,” Rev. Mod. Phys. 89, 040502 (2017).
[48] K. v. Klitzing, G. Dorda, and M. Pepper, “New method
for high-accuracy determination of the fine-structure
constant based on quantized hall resistance,” Phys. Rev.
Lett. 45, 494–497 (1980).
[49] S. M. Girvin, “The quantum hall effect: Novel excita-
tions and broken symmetries,” in Aspects topologiques
de la physique en basse dimension. Topological as-
pects of low dimensional systems, edited by A. Comtet,
T. Jolicœur, S. Ouvry, and F. David (Springer Berlin
Heidelberg, Berlin, Heidelberg, 1999) pp. 53–175.
[50] F. D. M. Haldane, “Model for a quantum hall effect
without landau levels: Condensed-matter realization of
the ”parity anomaly”,” Phys. Rev. Lett. 61, 2015–2018
(1988).
[51] B. A. Bernevig, Taylor L. Hughes, and Shou-Cheng
Zhang, “Quantum spin hall effect and topological phase
transition in hgte quantum wells,” Science 314, 1757–
1761 (2006).
[52] Congjun Wu, B. A. Bernevig, and Shou-Cheng Zhang,
“Helical liquid and the edge of quantum spin hall sys-
tems,” Phys. Rev. Lett. 96, 106401 (2006).
[53] G. Dolcetto, M. Sassetti, and T. L. Schmidt,
“Edge physics in two-dimensional topological insula-
tors,” Riv.Nuovo Cim. 39, 113 (2016).
[54] A. Calzona, M. Carrega, G. Dolcetto, and M. Sassetti,
“Transient dynamics of spin-polarized injection in heli-
cal luttinger liquids,” Physica E: Low-dimensional Sys-
tems and Nanostructures 74, 630 – 636 (2015).
[55] Kalle Bendias, Saquib Shamim, Oliver Herrmann, An-
dreas Budewitz, Pragya Shekhar, Philipp Leubner, Jo-
hannes Kleinlein, Erwann Bocquillon, Hartmut Buh-
mann, and Laurens W. Molenkamp, “High mobility
hgte microstructures for quantum spin hall studies,”
Nano Letters 18, 4831–4836 (2018), pMID: 29975844.
[56] Matteo Acciai, Alessio Calzona, Matteo Carrega,
Thierry Martin, and Maura Sassetti, “Spectral proper-
ties of interacting helical channels driven by lorentzian
pulses,” New Journal of Physics 21, 103031 (2019).
[57] Markus Ko¨nig, Steffen Wiedmann, Christoph Bru¨ne,
Andreas Roth, Hartmut Buhmann, Laurens W.
Molenkamp, Xiao-Liang Qi, and Shou-Cheng Zhang,
“Quantum spin hall insulator state in hgte quantum
wells,” Science 318, 766–770 (2007).
[58] Christoph Bru¨ne, Andreas Roth, Hartmut Buhmann,
Ewelina M. Hankiewicz, Laurens W. Molenkamp,
Joseph Maciejko, Xiao-Liang Qi, and Shou-Cheng
Zhang, “Spin polarization of the quantum spin Hall edge
states,” Nature Physics 8, 486–491 (2012).
[59] Andreas Roth, Christoph Bru¨ne, Hartmut Buhmann,
Laurens W. Molenkamp, Joseph Maciejko, Xiao-Liang
Qi, and Shou-Cheng Zhang, “Nonlocal transport in the
quantum spin hall state,” Science 325, 294–297 (2009).
[60] Ivan Knez, Rui-Rui Du, and Gerard Sullivan, “Ev-
idence for helical edge modes in inverted InAs/GaSb
quantum wells,” Phys. Rev. Lett. 107, 136603 (2011).
[61] Ivan Knez, Charles T. Rettner, See-Hun Yang, Stuart
S. P. Parkin, Lingjie Du, Rui-Rui Du, and Gerard Sul-
livan, “Observation of edge transport in the disordered
regime of topologically insulating InAs/GaSb quantum
wells,” Phys. Rev. Lett. 112, 026602 (2014).
[62] Lingjie Du, Ivan Knez, Gerard Sullivan, and Rui-Rui
Du, “Robust helical edge transport in gated InAs/GaSb
bilayers,” Phys. Rev. Lett. 114, 096802 (2015).
[63] Lennart Bours, Bjo¨rn Sothmann, Matteo Carrega,
Elia Strambini, Ewelina M. Hankiewicz, Laurens W.
Molenkamp, and Francesco Giazotto, “Topological
squipt based on helical edge states in proximity to su-
perconductors,” Phys. Rev. Applied 10, 014027 (2018).
[64] Lennart Bours, Bjo¨rn Sothmann, Matteo Carrega, Elia
Strambini, Alessandro Braggio, Ewelina M. Hankiewicz,
Laurens W. Molenkamp, and Francesco Giazotto,
“Phase-tunable thermal rectification in the topological
squipt,” Phys. Rev. Applied 11, 044073 (2019).
[65] Pauli Virtanen and Patrik Recher, “Signatures of rashba
spin-orbit interaction in the superconducting proxim-
ity effect in helical luttinger liquids,” Phys. Rev. B 85,
035310 (2012).
[66] P. Adroguer, C. Grenier, D. Carpentier, J. Cayssol,
P. Degiovanni, and E. Orignac, “Probing the helical
edge states of a topological insulator by cooper-pair in-
jection,” Phys. Rev. B 82, 081303(R) (2010).
[67] Erwann Bocquillon, Russell S. Deacon, Jonas Wieden-
mann, Philipp Leubner, Teunis M. Klapwijk, Christoph
Bru¨ne, Koji Ishibashi, Hartmut Buhmann, and Lau-
rens W. Molenkamp, “Gapless Andreev bound states in
the quantum spin Hall insulator HgTe,” Nature Nan-
otechnology 12, 137–143 (2017).
[68] R. S. Deacon, J. Wiedenmann, E. Bocquillon,
F. Domı´nguez, T. M. Klapwijk, P. Leubner, C. Bru¨ne,
E. M. Hankiewicz, S. Tarucha, K. Ishibashi, H. Buh-
mann, and L. W. Molenkamp, “Josephson radiation
from gapless andreev bound states in hgte-based topo-
logical junctions,” Phys. Rev. X 7, 021011 (2017).
[69] Stefano Guiducci, Matteo Carrega, Giorgio Biasiol, Lu-
cia Sorba, Fabio Beltram, and Stefan Heun, “Toward
quantum hall effect in a josephson junction,” Phys-
ica Status Solidi (RRL) Rapid Research Letters 13,
1800222 (2019).
[70] Felix Keidel, Sun-Yong Hwang, Bjo¨rn Trauzettel, Bjo¨rn
Sothmann, and Pablo Burset, “On-demand thermo-
electric generation of equal-spin Cooper pairs,” arXiv
e-prints , arXiv:1907.00965 (2019), arXiv:1907.00965
[cond-mat.mes-hall].
[71] A. R. Akhmerov, Johan Nilsson, and C. W. J.
Beenakker, “Electrically detected interferometry of ma-
jorana fermions in a topological insulator,” Phys. Rev.
Lett. 102, 216404 (2009).
[72] Liang Fu and C. L. Kane, “Probing neutral majorana
fermion edge modes with charge transport,” Phys. Rev.
Lett. 102, 216403 (2009).
[73] Diego Rainis, Arijit Saha, Jelena Klinovaja, Luka Tri-
funovic, and Daniel Loss, “Transport Signatures of
Fractional Fermions in Rashba Nanowires,” Phys. Rev.
Lett. 112, 196803 (2014).
[74] Sunghun Park and Patrik Recher, “Detecting the ex-
change phase of majorana bound states in a corbino
geometry topological josephson junction,” Phys. Rev.
Lett. 115, 246403 (2015).
15
[75] C. Fleckenstein, N. T. Ziani, and B. Trauzettel, “Con-
ductance signatures of odd-frequency superconductivity
in quantum spin hall systems using a quantum point
contact,” Phys. Rev. B 97, 134523 (2018).
[76] Felix Keidel, Pablo Burset, and Bjo¨rn Trauzettel, “Tun-
able hybridization of majorana bound states at the
quantum spin hall edge,” Phys. Rev. B 97, 075408
(2018).
[77] F. Schulz, J. C. Budich, E. G. Novik, P. Recher,
and B. Trauzettel, “Voltage-tunable Majorana bound
states in time-reversal symmetric bilayer quantum spin
Hall hybrid systems,” arXiv e-prints , arXiv:1904.07166
(2019), arXiv:1904.07166 [cond-mat.mes-hall].
[78] Bernd Braunecker, George I. Japaridze, Jelena Klino-
vaja, and Daniel Loss, “Spin-selective Peierls tran-
sition in interacting one-dimensional conductors with
spin-orbit interaction,” Phys. Rev. B 82, 045127 (2010).
[79] Anders Stro¨m, Henrik Johannesson, and G. I.
Japaridze, “Edge dynamics in a quantum spin hall state:
Effects from rashba spin-orbit interaction,” Phys. Rev.
Lett. 104, 256804 (2010).
[80] Thomas L. Schmidt, Stephan Rachel, Felix von Oppen,
and Leonid I. Glazman, “Inelastic electron backscatter-
ing in a generic helical edge channel,” Phys. Rev. Lett.
108, 156402 (2012).
[81] Fran c¸ois Cre´pin, Jan Carl Budich, Fabrizio Dolcini,
Patrik Recher, and Bjo¨rn Trauzettel, “Renormalization
group approach for the scattering off a single rashba im-
purity in a helical liquid,” Phys. Rev. B 86, 121106(R)
(2012).
[82] Jelena Klinovaja, Peter Stano, and Daniel Loss, “Tran-
sition from Fractional to Majorana Fermions in Rashba
Nanowires,” Phys. Rev. Lett. 109, 236801 (2012).
[83] Jelena Klinovaja and Daniel Loss, “Giant Spin-Orbit In-
teraction Due to Rotating Magnetic Fields in Graphene
Nanoribbons,” Physical Review X 3, 011008 (2013).
[84] Florian Geissler, Fran c¸ois Cre´pin, and Bjo¨rn
Trauzettel, “Random rashba spin-orbit coupling at the
quantum spin hall edge,” Phys. Rev. B 89, 235136
(2014).
[85] Nikolaos Kainaris, Igor V. Gornyi, Sam T. Carr, and
Alexander D. Mirlin, “Conductivity of a generic helical
liquid,” Phys. Rev. B 90, 075118 (2014).
[86] A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and
R. A. Duine, “New perspectives for Rashba spin-orbit
coupling,” Nature Materials 14, 871–882 (2015).
[87] Jelena Klinovaja and Daniel Loss, “Fermionic and Ma-
jorana bound states in hybrid nanowires with non-
uniform spin-orbit interaction,” European Physical
Journal B 88, 62 (2015).
[88] Oleg Mitrofanov, Leonardo Viti, Enrico Dardanis,
Maria Caterina Giordano, Daniele Ercolani, Antonio
Politano, Lucia Sorba, and Miriam S. Vitiello, “Near-
field terahertz probes with room-temperature nanode-
tectors for subwavelength resolution imaging,” Scientific
Reports 7, 44240 (2017).
[89] M. V. Entin and L. I. Magarill, “Spin-orbit interaction
of electrons on a curved surface,” Phys. Rev. B 64,
085330 (2001).
[90] Jukka I. Va¨yrynen and Teemu Ojanen, “Electrical ma-
nipulation and measurement of spin properties of quan-
tum spin hall edge states,” Phys. Rev. Lett. 106, 076803
(2011).
[91] Carmine Ortix, “Quantum mechanics of a spin-orbit
coupled electron constrained to a space curve,” Phys.
Rev. B 91, 245412 (2015).
[92] Paola Gentile, Mario Cuoco, and Carmine Ortix, “Edge
states and topological insulating phases generated by
curving a nanowire with rashba spin-orbit coupling,”
Phys. Rev. Lett. 115, 256801 (2015).
[93] Zu-Jian Ying, Paola Gentile, Carmine Ortix, and Mario
Cuoco, “Designing electron spin textures and spin inter-
ferometers by shape deformations,” Phys. Rev. B 94,
081406(R) (2016).
[94] Ming-Yang Liu, Qing-Yuan Chen, Chao Cao, and Yao
He, “Topologically nontrivial phase and tunable rashba
effect in half-oxidized bismuthene,” Phys. Chem. Chem.
Phys. 21, 2899–2909 (2019).
[95] Zhenhua Qiao, Xiao Li, Wang-Kong Tse, Hua Jiang,
Yugui Yao, and Qian Niu, “Topological phases in gated
bilayer graphene: Effects of rashba spin-orbit coupling
and exchange field,” Phys. Rev. B 87, 125405 (2013).
[96] P. Wo´jcik, J. Adamowski, B. J. Spisak, and
M. Wo loszyn, “Spin transistor operation driven by the
rashba spin-orbit coupling in the gated nanowire,” Jour-
nal of Applied Physics 115, 104310 (2014).
[97] Zolta´n Scheru¨bl, Gerg o˝ Fu¨lo¨p, Morten H. Madsen,
Jesper Nyg˚ard, and Szabolcs Csonka, “Electrical tun-
ing of rashba spin-orbit interaction in multigated inas
nanowires,” Phys. Rev. B 94, 035444 (2016).
[98] A. Iorio, M. Rocci, L. Bours, M. Carrega, V. Zannier,
L. Sorba, S. Roddaro, F. Giazotto, and E. Stram-
bini, “Vectorial Control of the Spin-Orbit Interaction in
Suspended InAs Nanowires,” Nano Letters 19, 652–657
(2019).
[99] Dmitrii L. Maslov, Michael Stone, Paul M. Goldbart,
and Daniel Loss, “Josephson current and proximity ef-
fect in luttinger liquids,” Phys. Rev. B 53, 1548–1557
(1996).
[100] G. Dolcetto, S. Barbarino, D. Ferraro, N. Magnoli,
and M. Sassetti, “Tunneling between helical edge states
through extended contacts,” Phys. Rev. B 85, 195138
(2012).
[101] L. Vannucci, F. Ronetti, G. Dolcetto, M. Carrega,
and M. Sassetti, “Interference-induced thermoelectric
switching and heat rectification in quantum Hall junc-
tions,” Phys. Rev. B 92, 075446 (2015).
[102] F. Ronetti, L. Vannucci, G. Dolcetto, M. Carrega, and
M. Sassetti, “Spin-thermoelectric transport induced by
interactions and spin-flip processes in two-dimensional
topological insulators,” Phys. Rev. B 93, 165414 (2016).
[103] F. Ronetti, M. Carrega, D. Ferraro, J. Rech, T. Jonck-
heere, T. Martin, and M. Sassetti, “Polarized heat cur-
rent generated by quantum pumping in two-dimensional
topological insulators,” Phys. Rev. B 95, 115412 (2017).
[104] Fabrizio Dolcini, Rita Claudia Iotti, Arianna Montorsi,
and Fausto Rossi, “Photoexcitation of electron wave
packets in quantum spin hall edge states: Effects of chi-
ral anomaly from a localized electric pulse,” Phys. Rev.
B 94, 165412 (2016).
[105] Fabrizio Dolcini and Fausto Rossi, “Photoexcita-
tion in two-dimensional topological insulators,” The
European Physical Journal Special Topics (2018),
10.1140/epjst/e2018-800067-2.
[106] M. Bu¨ttiker, “Scattering theory of current and intensity
noise correlations in conductors and wave guides,” Phys.
Rev. B 46, 12485–12507 (1992).
[107] M. Bu¨ttiker, A. Preˆtre, and H. Thomas, “Dynamic
16
conductance and the scattering matrix of small conduc-
tors,” Phys. Rev. Lett. 70, 4114–4117 (1993).
[108] G. B. Lesovik, A. L. Fauch‘ere, and G. Blatter,
“Nonlinearity in normal-metal–superconductor trans-
port: Scattering-matrix approach,” Phys. Rev. B 55,
3146–3154 (1997).
[109] Y. M. Blanter and M. Bu¨ttiker, “Shot noise in meso-
scopic conductors,” Phys. Rep. 336, 1–166 (2000).
[110] Luca Vannucci, Flavio Ronetti, Dario Ferraro, Je´roˆme
Rech, Thibaut Jonckheere, Thierry Martin, and Maura
Sassetti, “Photoassisted shot noise spectroscopy at frac-
tional filling factor,” in Journal of Physics Conference
Series, Journal of Physics Conference Series, Vol. 969
(2018) p. 012143.
[111] Flavio Ronetti, Matteo Acciai, Dario Ferraro, Je´roˆme
Rech, Thibaut Jonckheere Thierry Martin, and Maura
Sassetti, “Symmetry Properties of Mixed and Heat
Photo-Assisted Noise in the Quantum Hall Regime,”
Entropy 21, 730 (2019).
[112] D Ferraro, M Carrega, A Braggio, and M Sassetti,
“Multiple quasiparticle hall spectroscopy investigated
with a resonant detector,” New Journal of Physics 16,
043018 (2014).
[113] D.C. Glattli and P. Roulleau, “Hanbury-brown twiss
noise correlation with time controlled quasi-particles
in ballistic quantum conductors,” Physica E: Low-
dimensional Systems and Nanostructures 76, 216 – 222
(2016).
[114] D.C. Glattli and S.P. Roulleau, “Method and device for
phase modulation of a carrier wave and application to
the detection of multi-level phase-encoded digital sig-
nals,” (2016), WO Patent App. PCT/FR2016/050,193.
